Vasculogenic mimicry (VM), a newly-defined pattern of tumor blood supply, provides a special passage without endothelial cells and is conspicuously different from angiogenesis and vasculogenesis. The biological features of the tumor cells that form VM remain unknown. Cancer stem cells (CSCs) are believed to be tumorinitiating cells, capable of self-renewal and multipotent differentiation, which resemble normal stem cells in phenotype and function. Recently CSCs have been shown to contribute to VM formation as well as angiogenesis. These findings challenge the previous understanding of the cellular basis of VM formation. In this review, we present evidence for participation of CSCs in VM formation. We also discuss the potential mechanisms and possible interaction of CSCs with various elements in tumor microenvironment niche. Based on the importance of VM in tumor progression, it constitutes a novel therapeutic target for cancer.
INTRODUCTION
Development and growth of tumors require sufficient blood supply. It is a widely-accepted paradigm that tumor vasculature is mostly composed of non-malignant endothelial cells originating from pre-existing blood vessels sprouting into tumor mass and recruitment of circulating endothelial progenitor cells (EPCs), which are mediated by angiogenic growth factors produced by host or tumor cells (Dorsam and Gutkind, 2007) . However, classical patterns of angiogenesis and vasculogenesis have been challenged by clinical investigation of tumor tissues because tumor vasculature can also be formed by vasculogenic mimicry (VM) (Folberg and Maniotis, 2004) .
VM is a vascular-like structure through which tumor tissues nourish themselves, mimicking the pattern of embryonic vascular network. Tumor cells with high degree of differentiation plasticity may contribute to the de novo formation of tumor cell-lined blood channels (Hendrix et al., 2003a) . These extracellular matrix-rich vasculogenic tumor cell networks were shown to conduct fluid. An interesting observation was that VM was most frequently observed in the boundary regions between the tumor and surrounding normal tissues . Thus, VM may also play a role in tumor invasion by supplying immediate nutrition. Furthermore, angiogenesis inhibitors abrogated new vessels formed by human vascular endothelial cells in vitro, while under the same conditions they did not affect tumor cell tube network formation, and even induced the formation of VM as an escape mechanism by tumor tissue for progressive growth (van Der Schaft et al., 2004) . Therefore, VM might represent an important survival mechanism contributing to the failure of current antiangiogenic therapy aimed to fully deprive tumors of blood supply (Folkman, 2007) . Despite of its clinical importance, the cellular and molecular events underlying the formation of VM are not well understood. Recent discovery of cancer stem cells (CSCs), with the capability of self-renewal and multipotency of differentiation, has stimulated great interest in re-defining tumor initiation and progression (Gao, 2007) . However, whether CSC theory can be applied to the formation of tumor cell-associated vasculogenesis, especially in respect to VM, remains unclear. Based on the present findings that most vessels in tumor may be originated from tumor cell themselves through the process of vasculogenesis (Pezzolo et al., 2007) , as well as that CSCs were able to serve as precursors of tumor stromal compo-nents such as tumor vasculogenic stem/progenitor cells (TVPCs) regulated by signals from microenvironment/niche surrounding these cells (Shen et al., 2008) , it is plausible that CSC compartment of a tumor may be involved in VM formation, by differentiating/transdifferentiating into endothelial-like cells. Such a potential function of CSCs might represent one of the mechanisms by which CSCs initiate neoplastic formation and promote tumor progression (Bjerkvig et al., 2005) . In this review, we will focus on the possible role of CSCs in VM formation and how the niche surrounding CSCs may affect VM formation.
CURRENT UNDERSTANDING OF TUMOR VM
In 1999, Maniotis et al. first described VM in aggressive melanoma with tumor cells expressing endothelial phenotype pasted on the surface of the basement membrane in tubular structure (Maniotis et al., 1999) . VM in the tumor mass is connected with host vessels for blood supply. Periodic acidSchiff (PAS) stain is commonly utilized to identify VM. PASpositive channels were lined externally by tumor cells, lacking an inner lining of endothelial cells (Hendrix et al., 2001) . Although the functionality and contribution of VM channels to circulation was criticized initially, Frenkel et al. (Frenkel et al., 2008 ) demonstrated blood circulation in VM tube with laser scanning confocal angiography in a patient with a choroidal melanoma. Therefore, VM is a new pattern that provides tumor mass nutrition independent of conventional angiogenesis and vasculogenesis. Zhang et al. proposed three-stage blood supply patterns in tumor, which are VM, mosaic vessels (MV) and endothelium-dependent vessels (Zhang et al., 2006) . All the three patterns provide blood supply for tumors. The model proposes that VM is the dominant blood supply pattern in the early stage of tumor growth. Consequently, endothelial cells differentiate and proliferate to maintain expansion of tumor mass, and the mosaic vessels appear as a transitional pattern. In the late stage of tumor growth, endothelium-dependent vessels replace VM and mosaic vessels to become the major pattern of blood supply. Thus, VM may be the main source of blood supply at the early stage of rapid tumor growth. Based on PAS staining, VMs are divided into seven categories: straight channels, parallel straight pattern, parallel straight pattern with cross link, arcs (not closed), arcs with branching, closed loops, and networks (Folberg et al., 2000) .
VM has been detected in melanoma, breast carcinoma, prostate carcinoma, ovarian carcinoma, astrocytoma, and Ewing sarcoma, etc (Shirakawa et al., 2002; Yue and Chen, 2005; Elzarrad et al., 2009 ). Microarray analysis indicates that VM-positive tumor cells of aggressive melanoma displayed elevated levels of genes associated with undifferentiated embryonic-like phenotype (Hendrix et al., 2003a) . Intraperitoneal implantation of human ovarian cancer cell line SKOV3ip showed that the cells, expressing CD31 and factor VIII of vascular endothelial markers, had the plasticity to engage in VM formation in vivo (Su et al., 2008) . These findings suggest that the plasticity of cancer cells enables them to mimic the activities of endothelial cells and participate in the process of VM formation. Recent findings of "plastic" endothelial-like phenotype of tumor cells provide additional evidence for the role of tumor cells in VM formation.
There are striking parallels between tumor cells and stem cells: tumors and normal tissue are comprised of phenotypically heterogeneous cell populations, and many characteristics of stem cells, for example stem cell plasticity, are also pertinent to tumor growth . Cellular plasticity in stem cells may facilitate the formation of primary vascular network during embryonic development. Mesodermal progenitor cells differentiate in situ into endothelial cells that are organized into a primitive network to supply nutrition for the development of early embryo (Carmeliet, 2000) . The subsequent remodeling of vascular network into more complex vasculature appears through angiogenesis. These processes are similar to the formation of tumor vasculature and the plasticity of tumor cells may play an important role in the formation of VM.
DIFFERENTIATION PLASTICITY OF CSCS AND VM FORMATION
CSCs are functionally defined by their capacity to regenerate tumors in xenograft mouse models (Galli et al., 2004; Singh et al., 2004) . Similar to normal stem cells, CSCs can reproduce the heterogenous phenotype of the parental cancer from which they were derived in transplantation, reflecting the multipotent differentiation capacity of CSCs. Plasticity defines the capacity of stem cells to either differentiate or transdifferentiate into many cell types (D'Amour and Gage, 2003) . During development, multilineage differentiation plasticity is one of the characteristics of embryonic stem cells (Reya et al., 2003) . CSCs are characterized by their stem/progenitor properties: selfrenewal and the capability of differentiation into heterogeneous tumor cell population (Clarke et al., 2006) . Therefore, the differentiation plasticity of normal stem cells is also a similar property of CSCs. Bian et al. proposed a concept of CSC plasticity (CSCP) in which CSCs possess inducible and reversible properties in self-renewal, multipotent differentiation and invasion. For CSCs, differentiation plasticity refers to the ability of tumor cells to give rise to phenotypically diverse populations including non-tumorigenic cancer cells and stromal cells. In fact, aggressive melanoma cells forming VM appeared to express genes relevant to multiple cellular phenotypes and stem cells including epithelial, endothelial, muscle, neuronal, and other cell types. The multipotent, plastic, and embryonic-like phenotype of these melanoma cells has also been considered as a defined property of putative malignant melanoma stem cells (MMSCs) . Therefore, melanoma stem cells possess the differentiation plasticity (transdifferentiation) and this property may play a critical role in VM. Recently, a transdifferentiative capability has been demonstrated for bone marrow macrophages, which formed VM in multiple myeloma. Thus, at least in melanoma, VM channel was believed to be due to the transdifferentiation of MMSC subset inside the aggressive tumor. In study of breast cancer, CSCs in endothelial differentiating medium were capable of differentiating into endothelial cells, which were able to form both vessels and tumor (Bussolati et al., 2009) . It is conceivable that CSCs/ tumor initiating stem cells of solid tumor have the competence of differentiation plasticity, which further supports the hypothesis that CSCs/tumor initiating stem cells possess the properties of normal stem cells important for tumor growth and vascularization.
Evidence for direct involvement of tumor cells in VM formation was also obtained in human neuroblastoma (NB) (Pezzolo et al., 2007) . Microvessels formed by MYCNamplified NB tumor cells displayed an open lumen and consistently contained red blood cells, indicating that these vessels were functional. Moreover, these tumor cell-derived vascular endothelium-like cells were different from normal endothelial cells in phenotype and function (Pezzolo et al., 2007) . Although the study only tested MYNC-amplified tumor cells, it is possible that formation of tumor-derived endothelial cells is a characteristic feature of a subset of cells in neuroblastoma. In addition to NB, tumor-associated endothelial microvessels are also found in human B-cell lymphomas and multiple myeloma (Rigolin et al., 2006) . It is also hypothesized that precancerous stem cells (pCSCs) representing the early stage of developing CSCs may serve as tumor TVPCs capable of differentiating into tumor vasculogenic endothelial cells (Shen et al., 2008) . Our recent studies also observed that glioma stem cells (GSCs), isolated from primary glioma sample and a human glioblastoma cell line U87 (Yu et al., 2008) , are capable of multipotent differentiation. In stem cell medium, such GSCs form spheroids, and in differentiation conditions they form tumor masses that contain fissure and branching lumen as revealed by electron microscopy. Thus, we proposed that CSCs participate in VM formation of tumors. Firstly, CSCs have the capacity of VM aggregation to form a mass in tumorigenic microenvironment. These CSC subsets subsequently differentiate/transdifferentiate and line up to form branching lumens and tubes to provide nutrition for tumor mass, resembling vascular network. Finally, the tubes extend and merge with vessels from angiogenesis or vascularization, and conduct blood cells (Fig. 1) .
RELATIONSHIP BETWEEN GSCS, VM AND EPITHELIAL-MESENCHYMAL TRANSITION

It is believed that epithelial-mesenchymal transition (EMT) is involved in cancer invasion and metastasis. Epithelial cancer cells have the capacity of activating the primal development
Protein & Cell program, thus converting differentiated epithelial tumor cells into de-differentiated cells that possess more mesenchymal feature (Eccles and Welch, 2007) . Besides its well-documented contribution to invasion, EMT is also attributed to the formation of secondary location in metastasis sites by conferring self-renewal capability to disseminated cancer cells (Mani et al., 2008; Morel et al., 2008) . Recent studies report that EMT is associated with the acquisition of stem-celllike characteristics. Induction of EMT in immortalized human mammary epithelial cells resulted in the expression of stem cell markers, the gain of mesenchymal behavior, and phenotypes associated with CSCs (Mani et al., 2008) . The connection between EMT and cellular stemness is further supported by the finding that Twist1, an important regulator of EMT, directly regulated the stemness factor Bmil which is necessary for self-renewal of stem cells (Yang et al., 2010) . Constitutive overexpression of Twist1 and Bmil in tumor cell lines caused acquisition of EMT characteristics as well as the induction of stem cell markers and enhancement of tumor initiating capability. In agreement with this finding, the induction of an EMT by ectopic expression of Twist transcription factor has been reported to have generated cancer stem cell properties in human breast cancer cells (Mani et al., 2008) .
Furthermore, there is evidence showing that EMT contributes to the formation of VM in hepatocellular carcinoma (HCC) (Sun et al., 2010) . CSCs in HCC expressed higher level of EMT regulators, such as Twist and Snail (Na et al., 2011) . Upregulation of Twist1 in HCC significantly enhanced cell motility, invasiveness and VM formation in 3D culture system as well as expression of VM-associated molecules such as VE-cadherin (Sun et al., 2010) . These findings indicate a logical relationship between CSCs, EMT and gain of properties characteristic of VM forming cells. The VM formation involving tumor cells mimics endothelial cells consisting of a type of mesenchymal cell, similar to the EMT process. VM forming cells in tumors are characterized by the expression of various factors responsible for mediating the process of EMT at the molecular level. Thus, the EMT mechanism may be involved in the VM formation by CSCs.
MICROENVIRONMENTAL NICHE AS A REGULATOR OF VM FORMATION
The vasculogenesis and/or angiogenesis, which are necessary for tumor development and progression, involve the interaction of tumor and other cell types in the microenvironment or niche (Elias and Dias, 2008) . A pertinent role of the microenvironment in VM formation has been demonstrated in melanoma (Hendrix et al., 2003b) . Collagen matrices preconditioned by aggressive melanoma cells capable of forming VM induced lesser aggressive melanoma cells, which are initially unable to form VM to express vasculogenic genes and to form VM in vitro. These observations illustrate the remarkable influence of microenvironment on the phenotype of tumor cells and provide a new perspective for the formation of VM, in which factors secreted by tumor cells or other niche components in the microenvironment play a critical role in cancer cell plasticity, including dedifferentiation and transdifferentiation. In addition, the microenvironmental niche has been demonstrated to support normal stem cells in early coculture and transplantation studies (Schofield, 1978) . One of the mechanisms through which microenvironmental niche determines normal stem cell fate is the control of symmetric (producing two identical daughter cells) versus asymmetric (producing one identical and one differentiated cell) division (Morrison and Kimble, 2006) . CSCs, like normal stem cells, also depend on interaction with physiologically differentiated cell types or on non-tumorigenic cancer cell populations in the same tumor microenvironment to sustain their features and destiny (Scadden, 2006) . Tumor environment creates a niche favoring the survival, proliferation, and differentiation of CSCs. CSCs utilize a specialized microenvironment/niche termed tumor stroma, consisting of a combination of different cell lineages, i.e. epithelial, vascular, fat, glial, fibroblast, immune cells along with extracellular matrix, enzymes, and other secreted molecules produced by these cells (Vermeulen et al., 2008) . It has been demonstrated that endothelial cells surrounding CSCs appear to directly generate specific microvasculature niche and/or secrete factors that promote the formation and/or maintenance of brain CSCs (Calabrese et al., 2007) . Critical signaling molecules, such as bone morphogenetic proteins (BMPs) derived from the niche that govern embryonic vascular development, have been linked to melanoma cell-driven vasculogenesis, i.e. VM (Rothhammer et al., 2007) . In human glioblastomas, BMP4-BMPR1a signaling pathway regulates the differentiation and proliferation of CSC population (Piccirillo et al., 2006; Nakano et al., 2008) . Based on these findings, it is plausible that the niche of CSC compartment controls the differentiation plasticity of CSCs, which is responsible for tumor vasculogenesis including VM formation.
In addition to being conditioned by niche compents, CSCs may also reciprocally influence the niche through secretion of autocrine and/or paracrine factors or through direct cell-cell contact to benefit the maintenance of their stemness including self-renewal, multipotent differentiation, and tumor-initiation. We and others have suggested that CSCs from U87 glioblastoma cell line and primary brain tumors secrete higher levels of vascular endothelial growth factor (VEGF) than their non-tumorigenic counterpart cells that promoted the formation of tumor blood vessels (Bao et al., 2006; Yao et al., 2008) . In breast cancer model, VEGF induces CSCs to express endothelial markers in vitro and incorporate in tumor vasculature in vivo (Bussolati et al., 2009) . Accumulating evidence shows in addition to the molecules of vascular endothelial (VE)-cadherin, laminin 5γ2 chain, and vascular endothelial growth factor receptor-2 (VEGFR-2), the angiogenic factors, including VEGF, angiogenin-1, and ephrinA1, also played a critical role in the formation of VM by tumor cells (Basu et al., 2006) . In healthy subjects, stimulated by VEGF, cells of monocyte lineage (other mesodermal-derived cells) present an endothelial phenotype, and form a functional capillary-like mesh permeable by blood cells, recapitulating embryonic vasculogenesis. VEGF also stimulated macrophages of patients with active multiple myeloma to undergo phenotypic and functional adaptation, expressed by the markers of endothelial cells, i.e. VE-cadherin, VEGFR-2, and FVIII-RA, and retain their own CD14 and CD68 markers, and these cells can form vessel-like structures on the Matrigel surface. Therefore, VEGF can induce these macrophages to transdifferentiate into endothelial-like cells to form VM, which functionally, phenotypically and morphologically were similar to endothelial cells, yet maintained the expression of macrophage markers. Thus, VEGF in the niche, which may be derived mainly from CSCs, directly influences the phenotype of CSCs and promotes CSC-associated VM formation.
There are three factors manipulating the formation of VM channel: the plasticity of VM-associated tumor cells, remodeling of extracellular matrix, and the connection of VM with host microcirculation (Fujimoto et al., 2006) . The remodeling of extracellular matrix provided the space needed for VM and is regulated by matrix metalloproteinase (MMP) (Stevens et al., 2009) . Matrix MMP-9 and MMP-2 play a critical role during the formation of VM in aggressive melanoma. Our recent results showed that the expression of MMP-9 and MMP-2 is upregulated in GSCs derived from U87 cell line (Yu and Bian, 2009 ). The formation of VM also involves migration of VM-derived tumor cells. We observed that migration associated molecules, including two G-protein coupled chemoattractant receptors formylpeptide receptor (FPR) and CXC chemokine receptor-4 (CXCR4) were overexpressed in GSCs isolated from human glioblastoma and U87 cell line Yao et al., 2008) . FPR and CXCR4 expressed on GSCs, when activated by corresponding agonists, mediate directional migration, calcium mobilization, and production of VEGF by GSCs. Our recent observations further suggest that activation of CXCR4 on GSCs elicits phosphoinositide 3-kinase (PI3K) pathway which is an important regulator of VM through MMP-2 (Hess et al., 2003) . The relationship between CSCs and VM formation through stimulatory signals in the niche is important for differentiation plasticity of CSCs . Based on the existing observations, it is conceivable that CSCs take part in the VM formation through autocrine and/or paracrine manner thereby establishing a vessel niche suitable to protect and nourish CSCs. Therefore, VM-targeted therapies should be a new strategy aimed at eliminating CSCs.
VM-TARGETED THERAPEUTIC STRATEGY: NEW PERSPECTIVES
CSCs are considered as the root of tumor initiation, metastasis, and reoccurrence. If CSCs are proven to be critical for VM formation, there will be significant implications in the design of novel anti-tumor therapies. As discussed earlier, VM is the dominant blood supply pattern in the early stage of tumor formation and CSCs are capable of differentiating/transdifferentiating and lining up to form branching lumens and tubes, a process resembling the formation of VM. Traditional anti-angiogenesis drugs, such as angiostatin and endostatin, which target normal endothelial cells, have little effect on VM due to the absence of normal endothelial cells (Hillen and Griffioen, 2007) . In contrast, VEGF-specific inhibitor Bevacizumab can conspicuously decrease the number of self-renewing cancer cells from orthotopic models of medulloblastoma and glioma, resulting in tumor growth arrest. Direct evidence was obtained from aggressive melanoma that LY294002, a specific inhibitor of PI3K, inhibited the ability of undifferentiated embryonic melanoma cells to engage in VM on three-dimensional type I collagen matrices (Hess et al., 2003) . Furthermore, the unique structure of VM channels, in which tumor cells line up the inner surface, directly exposes tumor cells to blood vessel and facilitates the metastasis of tumor cells. VM frequently is seen in the regions between the tumor and surrounding normal tissues, and associated with poor prognosis in clinical patients. Therefore, VM-targeted therapies may destroy the niche that maintains CSCs, block the metastasis passage of tumor cells, and reduce the recurrence of cancer.
